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Abstract. The Model of Emissions of Gases and Aerosols from Nature (MEGANv2.1) together with the ModernEra Retrospective Analysis for Research and Applications (MERRA) meteorological fields were used to create a global emission data set of biogenic volatile organic compounds (BVOC) available on a monthly basis for the time period of 1980-2010. This data set, developed under the Monitoring Atmospheric Composition and Climate project (MACC), is called MEGAN-MACC. The model estimated mean annual total BVOC emission of 760 Tg (C) yr −1 consisting of isoprene (70 %), monoterpenes (11 %), methanol (6 %), acetone (3 %), sesquiterpenes (2.5 %) and other BVOC species each contributing less than 2 %.
Several sensitivity model runs were performed to study the impact of different model input and model settings on isoprene estimates and resulted in differences of up to ±17 % of the reference isoprene total. A greater impact was observed for a sensitivity run applying parameterization of soil moisture deficit that led to a 50 % reduction of isoprene emissions on a global scale, most significantly in specific regions of Africa, South America and Australia.
MEGAN-MACC estimates are comparable to results of previous studies. More detailed comparison with other isoprene inventories indicated significant spatial and temporal differences between the data sets especially for Australia, Southeast Asia and South America. MEGAN-MACC estimates of isoprene, α-pinene and group of monoterpenes showed a reasonable agreement with surface flux measurements at sites located in tropical forests in the Amazon and Malaysia. The model was able to capture the seasonal variation of isoprene emissions in the Amazon forest.
atmospheric VOCs accounting for about 90 % of the emission total (Guenther et al., 1995) . Isoprene and monoterpenes are the most abundant species among the biogenic VOCs (Kesselmeier and Staudt, 1999; Lathière et al., 2006; Guenther et al., 2012) . Biogenic VOCs (BVOCs) are an important atmospheric constituent affecting both gas phase and heterogeneous chemistry of the troposphere. Due to high reactivity their atmospheric chemical lifetime ranges from minutes to hours (or days for several oxygenated species) (Atkinson and Arey, 2003) . Modelling studies have identified their substantial impact on the tropospheric budget of atmospheric key species such as carbon monoxide (CO), hydroxyl radical (OH) and low-level ozone (Granier et al., 2000; Poisson et al., 2000; Pfister et al., 2008) , thus influencing the oxidative capacity of the atmosphere (Houweling et al., 1998; Taraborrelli et al., 2012) on regional as well as global scales. By affecting the concentration of low-level ozone, BVOCs have impact on regional air quality (e.g. Simpson, 1995; Pierce et al., 1998; Curci et al., 2009; Sartelet et al., 2012) and through tropospheric ozone radiative forcing on climate (e.g. Chalita et al., 1996; Brasseur et al., 1998; Gauss et al., 2006) . In addition to the significance in the gas-phase chemistry, oxidative products of some biogenic VOCs may undergo a phase transition and form secondary organic aerosol (SOA) (Hoffmann et al., 1997; Griffin et al., 1999; Limbeck et al., 2003; van Donkelaar et al., 2007) having important consequences in the Earth's radiation budget.
Due to their importance for atmospheric chemical processes, the estimation of the amounts of biogenic VOCs emitted into the atmosphere is needed for proper representation of their role in global and regional chemical transport models. Several modelling approaches have been developed for estimation of BVOC emissions (Guenther et al., 1995; Martin et al., 2000; Niinemets et al., 1999; Arneth et al., 2007b) . In our study we have applied the most recent version of the Model of Emissions of Gases and Aerosols from Nature (MEGANv2.1) (Guenther et al., 2012) . MEGAN is a model system calculating temporal and spatial rates of emission of chemical compounds from terrestrial ecosystems to the atmosphere under varying environmental conditions. Although emissions from biomass burning can also be attributed to natural sources, these are not accounted for in the MEGAN model.
The basis for the model algorithm has already been presented by Guenther et al. (1991 Guenther et al. ( , 1993 Guenther et al. ( , 1995 Guenther et al. ( , 2006 who defined the flux F (µg grid cell −1 h −1 ) of a chemical species emitted from a model grid cell as a product of its emission potential under standard environmental conditions (µg m −2 h −1 , i.e. basal emission potential at leaf temperature of 30 • C and photosynthetic photon flux density of 1000 µmol m −2 s −1 ) assigned to a grid cell ecosystem type, grid cell surface area S (m 2 ) and a dimensionless emission activity factor γ which represents dependence of the emission on environmental conditions.
The first model version (Guenther et al., 1995) considered the effect of both light and temperature on isoprene emission rates but only the temperature dependence of emissions for all other compounds. It included a simple canopy radiative transfer model differentiating between the conditions of sunlit and sun-shaded leaves at multiple canopy levels. As experimental findings describing new factors influencing VOC emissions were appearing, the model algorithm was being updated. Guenther et al. (1999) introduced a simple leaf age activity factor which parameterizes the seasonal variation of plant foliage and modified the temperature activity factor to capture the dependence of emissions on past meteorological conditions (temperature and light). Guenther et al. introduced the acronym MEGAN for the model version MEGANv2.0 detailed in Guenther et al. (2006) . The model simulates net emission rates accounting for losses of primary emissions in the canopy. It uses canopy scale emission factors that can be based on above canopy flux measurements or are extrapolated into the canopy scale from the leaf and branch level measurements using the builtin canopy environment model for predefined standard environmental conditions. The canopy model estimates incident solar radiation and temperature at five canopy levels as a weighted average for all leaves and includes a leaf energy balance model. The model algorithm has been updated with more sophisticated leaf age activity factor for deciduous land cover types accounting for different emission rates in four developmental stages of the foliage going from leaf budbreak to leaf senescence. Reflecting the measurements of isoprene emissions under drought conditions, MEGAN also introduced a parameterization of isoprene emission reduction due to soil moisture deficit. Sakulyanontvittaya et al. (2008) developed a US regional emission factor database for monoterpenes and sesquiterpenes and extended the MEGAN model to simulate emissions of these chemical species (MEGANv2.02). Previous studies have shown that these compounds are to a large extent emitted in a manner similar to that of isoprene, i.e. depending on both temperature and light. Sakulyanontvittaya et al. therefore introduced a light dependence factor assigned to each modelled species in order to simulate different levels of light-emission dependence.
The current version of the MEGAN model (MEGANv2.1) described in Guenther et al. (2012) updates the model approach and parameterizations of MEGANv2.02. It calculates the net primary emission of 19 compound classes which are then decomposed into 147 individual species such as isoprene, monoterpene and sesquiterpene compounds, carbon monoxide, methanol, alkanes, alkenes, aldehydes, acids, ketones and other oxygenated VOCs. Using the MEGAN postprocessing tool, the species can be lumped into the compound groups of common chemical mechanisms for use in , land cover distribution and meteorological inputs can be provided by the dynamic vegetation and atmospheric models of the Community Earth System Model (CESM) (Gent et al., 2011) . During the past few years, the MEGAN model has been widely used within the scientific community for the estimation of BVOC emissions and has been incorporated into various earth system and chemistry transport models (e.g. Guenther et al., 2006; Heald et al., 2008; Pfister et al., 2008; Stavrakou et al., 2009; Emmons et al., 2010; Millet et al., 2010; Guenther et al., 2012) .
The long-term data set presented in this paper has been developed in support of the MACC (Monitoring Atmospheric Composition and Climate project: http://www.gmes-atmosphere.eu) project and of the CCMI (Chemistry-Climate Model Initiative: http://www.met.reading.ac.uk/ccmi/). The MEGAN model setting and selection of input data are addressed in Sect. 2, description of the emission data set (MEGAN-MACC) and a set of model sensitivity studies focusing on isoprene is given in Sect. 3. Comparison of MEGAN-MACC emission estimates with results of previous studies is presented in Sect. 4 with special attention to isoprene and its temporal and spatial distributions in different data sets. In Sect. 5 we show a comparison of modelled emission fluxes with measurements in tropical forests in the Amazon and in Borneo. Conclusions are presented in Sect. 6.
Emission model description and model inputs

Algorithm of the emission estimation
The emission data set presented here has been calculated by the stand-alone version of MEGANv2.1. The BVOC species emission flux (µg m −2 h −1 ) is estimated following Eq. (1). The emission activity factor is calculated as follows:
where C ce is a canopy environment coefficient (= 0.57) serving to normalize γ to 1 at standard canopy conditions described in the following paragraph. LAI is the leaf area index (m 2 m −2 ), and γ P and γ T are emission activity factors accounting for light and temperature effects, respectively. γ P is calculated based on the photosynthetic photon flux density (PPFD) (µmol of photons in 400-700 nm range m −2 s −1 ). PPFD is part of the solar radiation in the spectral range of 400-700 nm, which can be processed by plants during photosynthesis. Both γ P and γ T are divided into the light dependent (LD) and light independent (LI) parts using the light dependence fraction factor (LDF) as defined by Sakulyanontvittaya et al. (2008) and Guenther et al. (2012) .
The γ P and γ T factors are calculated by the MEGAN full canopy environment model, which simulates the propagation of light and vertical change in temperature within the canopy on five vertical levels. Both γ P and γ T factors account for the impact of temperature and light conditions in the past 24 h. The γ A and γ SM factors represent the leaf age emission activity factor and the dependence of isoprene emission on soil moisture, respectively, already introduced in MEGANv2.0. The γ CO 2 factor is a new MEGANv2.1 model feature, which accounts for the impact of concentration of carbon dioxide (CO 2 ) on isoprene emission. Following the parameterization of Heald et al. (2009) , isoprene emissions decrease when ambient CO 2 concentration increases above the level of 400 ppmv (parts per million by volume). In view of the lack of clear experimental evidence of an effect, γ CO 2 is set to 1 for all other species. The canopy scale emissions of the MEGAN model are standardized at LAI equal to 5 m 2 m −2 for a canopy consisting of 80 % mature, 10 % growing and 10 % old leaves. Further standard canopy conditions include a solar angle equal to 60 • , transmission of PPFD through the atmosphere (i.e. ratio between PPFD at the top of the canopy and at the top of the atmosphere) equal to 0.6, air temperature of 303 K, air humidity equal to 14 g kg −1 , wind speed equal to 3 m s −1 and soil moisture of 0.3 m 3 m −3 for current canopy environmental conditions; and for average canopy environmental conditions of the past 24 h leaf temperature of 297 K, PPFD of 200 and 50 µmol m −2 s −1 for sunlit and shaded leaves, respectively. Guenther et al. (2012) provide more detail on the model algorithm.
Model input parameters
Unless otherwise stated, in all model simulations the effect of CO 2 concentration on isoprene emission represented by γ CO 2 in Eq. (2) was taken into account. We have applied the factor calculated as a global average for each year using the annual mean of CO 2 concentrations observed at Mauna Loa and South Pole stations (Keeling et al., 2012) .
Meteorological fields
The MEGAN model was driven by meteorological fields of Modern-Era Retrospective Analysis for Research and Applications (MERRA) provided by the NASA's Goddard Space Flight Center (Rienecker et al., 2011) . MERRA data are produced by the Goddard Earth Observing System (GEOS) atmospheric model version 5.2.0 with a data assimilation system (DAS). The full data set covers the modern satellite era data, the 6 hourly fields were interpolated. Spatial resolution of the meteorological fields was shown to have a negligible impact on global isoprene emissions, however, it might cause a significant isoprene variations at local and regional scales (Pugh et al., 2013) . Calculating hourly meteorological data from 6 hourly inputs can lower the global isoprene emissions by up to 3 % and using monthly averages of hourly daily profile might lead to additional decrease of 7 % globally. Temporal averaging of meteorological inputs can have more substantial impacts at regional level (Ashworth et al., 2010) .
The MERRA data set does not directly provide the photosynthetic photon flux density (PPFD) needed for calculation of the γ P factor in Eq. (2). Values of PPFD can be obtained from photosynthetically active radiation (PAR, W m −2 ) provided on hourly basis by the MERRA Land model. As discussed in Guenther et al. (2012) , selection of a conversion factor between PAR and PPFD is an important issue. In MEGAN, conversion factors of 4.6 and 4.0 µmol photons J −1 are used for diffuse and direct radiation, respectively.
In the reference MEGAN model run the effect of the soil moisture deficit on BVOC emission was not taken into account and the γ SM factor was assigned to 1. Impact of the soil moisture activity factor on isoprene emission is further discussed together with the sensitivity data set S4 in Sect. 3.2.4.
Vegetation and emission factors
Vegetation composition inside the model domain is the principal information needed to estimate BVOC emissions. A distribution of 16 plant functional types (PFT) consistent with the vegetation categories used in the Community Land Model version 4 (CLM4) (Lawrence and Chase, 2007) was used to define the vegetation spatial distribution in our model setup. The data set provides a percentage of PFT coverage in each model grid cell.
Another important input parameter is the emission potential of individual modelled species. In MEGANv2.1, there are two possibilities for assigning a grid cell with an emission potential value. One option is to use the global gridded highresolution emission potential maps ( MAP ) provided together with the MEGAN model code for the predominant BVOC species. These gridded maps were compiled on the basis of detailed land cover and plant species distributions and took into account the information from species specific flux measurements (Guenther et al., 2012) . The second option is to calculate based on the plant functional type composition in the grid cell. Each of the PFT categories is assigned a value representing the average basal emission of all BVOC species from this ecosystem type (emission factor EF). The emission potential PFT of a grid cell is then calculated as follows:
where f is a fraction of a grid cell covered by PFT category i.
In our model runs, we used the emission potential from the gridded maps ( MAP ) for isoprene, α-pinene, β-pinene, 3-carene, limonene, myrcene, ocimene, sabinene and 2-methyl-3-buten-2-ol (MBO). For other modelled species we used calculated emission potentials PFT . A list of PFT categories together with the corresponding prescribed emission factor values (EF) for modelled chemical species can be found in Table 2 in Guenther et al. (2012) .
The density of vegetation is represented in the model by gridded values of leaf area index (LAI). LAI is defined as the surface of the leaf area per unit surface of the ground (m 2 m −2 ). We have used the 8-day high spatially resolved LAI data processed by Yuan et al. (2011) Since LAI data are mean values over the whole grid cell, we have divided the grid mean LAI by a fraction of the vegetated surface to take into account only the parts of the grid cell covered by vegetation. A similar LAI modification was applied in Guenther et al. (2006) and Müller et al. (2008) . We have set the LAI maximum at 7 m 2 m −2 to avoid very high LAI values for the sparsely vegetated grid cells.
LAI values are used directly in calculation of the emission activity factor γ as well as in calculation of the leaf age activity factor γ A (Eq. 2). The current age of the vegetation foliage is parameterized based on changes between the current LAI and LAI in the preceding time step (Guenther et al., 2012) .
Maps of PFT distribution and emission potentials MAP , as well as LAI input files were regridded to the spatial resolution of the meteorological fields (i.e. 0.5 • × 0.666 • ). Regridding to lower spatial resolution might cause inaccuracies, especially in coastal areas and locations with high variety of land cover types (Pugh et al., 2013 Table 1 , together with the minimum and maximum emissions for the past 3 decades. The mean annual amount emitted for all listed biogenic VOCs reaches 760 Tg (C) yr −1 with isoprene accounting for 70 %, sum of monoterpenes for 11 %, methanol for 6 % and other VOCs for 14 % of the BVOC total expressed as the emission of carbon. The mean annual global total of carbon monoxide (CO) is 90 Tg (CO) yr −1 . Species considered in the sum of monoterpenes are α-pinene, β-pinene, limonene, trans-β-ocimene, myrcene, sabinene and 3-carene and their mean relative contribution to the monoterpene sum is presented in Fig. 1 .
The spatial distribution of MEGAN-MACC emissions of isoprene and the sum of monoterpenes in January and July are displayed in Fig. 2 . Zonal averages of isoprene monthly mean emissions for the period of January 1980 to December 2010 are shown in the top panel of Fig. 3 . The temporal profile of global monthly emission totals is presented in the mid panel and the bottom panel shows inter-annual variability of isoprene annual global totals. As shown in Figs. 2 and 3, isoprene is mainly emitted in the south-tropical region, which contributes about 56 % to the global total, followed by northern tropics (32 %) and northern and southern temperate regions contributing with 7 % and 4 %, respectively. Less than 1 % of global isoprene is emitted in the northern Arctic. The dominance of the south tropical region is reflected also in the distribution of isoprene emissions between Northern and Southern Hemisphere where the latter is a source of about 60 % of the global total isoprene. The difference between the highest emission annual total of 672 Tg yr −1 (1983) and the lowest of 520 Tg yr −1 (2008) is about 29 % of the isoprene total emission averaged over the modelling period.
Results for the group of monoterpenes are shown in Fig. 4 . The upper panel showing zonally averaged emissions highlights the main emitting regions, i.e. the southern and northern tropics contributing to the global total with 48 % and 35 %, respectively. There is also a significant source of monoterpenes in the northern temperate region (13 %). The southern temperate region contributes about 3 % and the northern Arctic less than 2 %. The distribution of monoterpene emissions between the two hemispheres is more or less equal. The annual maximum of monoterpene emissions is reached during the Northern Hemisphere summer when the emissions from northern latitudes reach their annual maximum. The inter-annual variation in global annual monoterpene totals is smaller than for isoprene, and the difference between the highest emitting year 1998 (102 Tg yr −1 ) and the lowest emitting year 1981 (89 Tg yr −1 ) is only 15 % of mean annual monoterpene emissions.
The relative contribution of each latitudinal band to the global isoprene and monoterpene totals over the course of the year (averaged for the 1980-2010 period) is presented in Fig. 5 . The graphs indicate the dominance of the tropical region throughout the year for both species, and the higher contribution of the northern temperate and Arctic region to monoterpene totals when compared to isoprene.
For both isoprene and monoterpenes, the predominant sources of emissions are the broadleaf tropical forests (broadleaf evergreen and deciduous trees) -with a relative contribution of 84.5 % and 77 %, respectively. For isoprene, the second largest source corresponds to temperate shrubs (10 %) followed by cool and warm grass (4 %) and finally needleleaf forest in boreal regions with 1.5 %. Shrubs and needleleaf forest contribute equally to monoterpene emissions with about 10 %. Grass is only a minor monoterpene source with 0.5 % of total monoterpene emission.
The MEGAN-MACC emission inventory is available for download at the Emission of atmospheric Compounds and Compilation of Ancillary Data database (EC-CAD, http://www.pole-ether.fr/eccad). ECCAD is an online database of global and regional emission inventories. It includes anthropogenic, biogenic and biomass burning emission data together with a list of ancillary data such as population density, land cover maps and fire emission proxies. The website provides an online display and analysis tools as well as an interface for the download of user specified data.
Sensitivity of isoprene emissions to different factors
In this section we present the variability of emission estimates due to selection of model input parameters. We focus on emissions of isoprene -the most abundant BVOC species and the species for which there is the most information available. As previously shown by Guenther et al. (2006) and Arneth et al. (2011) , isoprene emissions are very sensitive to the driving meteorological data, especially temperature and solar radiation. In our study, we have performed five sensitivity studies in order to evaluate the uncertainties of isoprene emission resulting from the uncertainties of selected parameters of the emission model. We have investigated the emissions provided by MEGAN for different LAI input data (S1), with modified isoprene emission potential inputs (S2), studied the impact of CO 2 concentration on isoprene emission (S3), the inclusion of soil moisture activity factor (S4) and the use of a simple calculation of PAR variable from shortwave solar radiation (S5). All sensitivity runs were driven by meteorology and LAI data for the year 2003. Table 2 gives a list of performed studies and indicates the parameter in Eq. (2) that has been modified from the reference MEGAN model setting in each study.
Leaf area index
In order to evaluate the influence of different sources of LAI data used in the MEGAN model, MODIS values were replaced by leaf area index from the MERRA reanalysis data set in the sensitivity run S1. MAP . A notable decrease of 28 % can be observed also in southern Africa, further in sub-Saharan Africa and in the southeast US. On the contrary, PFT is higher than MAP in South America, especially in northern Amazon (+10 %), and in Europe except for Spain and Portugal (+18 %).
The differences between the two emission potential databases lie in the different land cover types and emission factors serving as a basis for their calculation. While the land cover data set for PFT consists of 16 generalized plant functional type categories (e.g. broadleaf deciduous tropical forest, needleleaf evergreen boreal forest), each with specific emission factors, the land cover serving as a basis for the MAP consists of more than 2000 ecoregions with specific emission factors (Guenther et al., 2012) . The detailed land cover associated with MAP includes individual tree and shrub species for some, but not all, regions to account for differences among strongly emitting tree species and tree species with negligible emissions belonging to the same generalized PFT category (e.g. broadleaf deciduous temperate forest) with appropriate emission factors. Emission factors for PFT and MAP are similar when averaged over large scales but they can differ greatly for specific locations.
CO 2 inhibition factor
The atmospheric CO 2 concentration has significantly increased during the past decades and is predicted to further increase in the future. Global modelling studies simulating future isoprene emissions have shown that including an algorithm that accounts for inhibition of the isoprene emissions from plants due to elevated CO 2 concentration can significantly diminish the predicted isoprene increase (e.g. Heald et al., 2009 ). However, recent studied suggest that this inhibition may not occur in warmer climate (Sun et al., 2013 ) and a better understanding of this process is needed. MEGAN model simulates the impact of CO 2 on isoprene emission through activity factor γ CO 2 (Eq. 2) defined by Heald et al. (2009) as follows:
where I Smax (= 1.344), h (= 1.4614) and C * (= 585) are empirical coefficients and C a is the ambient CO 2 concentration. The formula assumes that internal CO 2 concentration within the plant tissue is 70 % of C a . The γ CO 2 factor decreases nonlinearly with increasing CO 2 concentration and it is normalized to 1 for the ambient CO 2 concentration of 400 ppmv. The global mean CO 2 concentration for the year 2003 was 373.1237 ppmv which corresponds to γ CO 2 = 1.0277. In order to quantify the importance of the CO 2 inhibition factor, we have performed sensitivity run S3, in which the γ CO 2 factor was assigned to 1.
Soil moisture activity factor
Soil moisture is the principal source of water for plants. Several studies have investigated the impact of drought on various processes ongoing within plants (Tingey et al., 1981; Sharkey and Loreto, 1993; Pegoraro et al., 2004a Pegoraro et al., , b, 2007 Brilli et al., 2007) and have found a clear decline of photosynthetic rate, stomatal conductance and transpiration rate directly after the soil water content decrease. However, the link between isoprene emissions and increasing drought condition is more difficult to identify. Tingey et al. (1981) and Pegoraro et al. (2004b) found that for short-term soil moisture deficit lasting for a couple of days, the isoprene emission rate remains constant or even slightly increases in the initial stages of drought (Pegoraro et al., 2007) . But as the soil moisture decreases below a certain level isoprene emission starts to decline as well. A reduction of isoprene emission rate by 64 % after 12 days of severe drought was observed for live-oak plants (Quercus virginiana Mill.) by Pegoraro et al. (2004b) as well as a decrease by 50 % after 5 days (Tingey et al., 1981) . The experimental findings of Pegoraro et al. (2004a) served as a base for the parameterization of the impact of soil moisture stress on isoprene emissions in the MEGAN model. The soil moisture activity factor γ SM used in Eq. (2) is defined as follows:
where is a volumetric water content (m 3 m −3 ), W is a wilting point, i.e. the limiting value of soil moisture below which the plant cannot absorb water from soil, 1 is an empirical coefficient (= 0.06), and 1 = W + 1 (Guenther et al., , 2012 . In order to quantify the effect of soil moisture, we have conducted the S4 sensitivity calculation. of the annual mean soil moisture activity factor γ SM for the year 2003 is shown in Fig. 6. 
Photosynthetically active radiation from shortwave solar radiation
Since isoprene emissions are strongly affected by photosynthesis, the photosynthetically active radiation (PAR) is an essential parameter for the estimation of isoprene emissions.
In the reference MEGANv2.1 simulations, we have used the PAR provided by the MERRA reanalysis. Distributions of PAR are not always archived from meteorological or climatological model simulations, and a common practice to estimate PAR has been to calculate it as a fraction of the total incoming shortwave solar radiation (SW). Based on measurements in different parts of the globe, the ratio of PAR/SW usually ranges from 0.45 to 0.5 (e.g. Rao, 1984; Papaioannou et al., 1993; Jacovides et al., 2003) and varies in time and space. R. Pinker and co-workers at the University of Maryland (USA) developed a method to derive surface spectral radiative components from satellite observations collected under the International Satellite Cloud Climatology Project (Schiffer and Rossow, 1983) . Comparison of the three methods to derive PAR is shown in Fig. 7 : the annual mean PAR from the MERRA data set is compared with PAR provided by University of Maryland and with PAR calculated as half of incoming shortwave radiation. The MERRA data set provides higher PAR values over Australia, central Africa and southern America (about 20 %) and on the other hand lower PAR over the equatorial Amazon and Gulf of Guinea (∼ 20 %) when compared to PAR from the satellite. There is much better agreement between the PAR derived from satellite and from the MERRA reanalysis than with the PAR calculated from SW.
In order to evaluate the difference between the isoprene emissions calculated based on PAR modelled by MERRA model and PAR estimated with the assumption of PAR/SW ratio to be equal to 0.5 we have performed a sensitivity run S5 using the latter parameterization in the input to MEGAN model.
Results of the sensitivity simulations
Comparison of the results of the reference (MEGAN-MACC) and sensitivity simulations S1-S5 is presented in Fig. 8 . Global annual totals of isoprene were divided into contributions of each of nine geographical regions defined as in GlobEmission project (http://www.globemission.eu/). Figure 8 shows the isoprene emissions from each region for the reference and sensitivity runs, and the extent of the GlobEmission regions.
The sensitivity simulations led to total annual isoprene emissions within ±17 % of the reference simulation, except for the S4 simulation introducing the soil moisture effect, which led to a 50 % decrease in the isoprene emission.
The use of MERRA-LAI instead of MODIS-LAI (S1) results in an annual isoprene emission increase of 24 Tg yr −1 (i.e. Australia and 18 Tg yr −1 in southern Africa. However, for South America the use of PFT-dependent emission factors led to an absolute increase in isoprene emission by 8 Tg yr −1 (i.e. +4 %). Omission of CO 2 activity factor γ CO 2 in the calculation of sensitivity run S3 resulted in an overall decrease of isoprene emission by 2.7 %. Since CO 2 concentration for the simulation year 2003 was less than 400 ppmv, the inclusion of γ CO 2 in the MEGAN calculation actually increases isoprene emission (γ CO 2 is greater than 1). However, γ CO 2 will be an important factor for future simulations when CO 2 concentration is predicted to greatly exceed 400 ppmv (e.g. Arneth et al., 2007b; Heald et al., 2009; Young et al., 2009) .
The S4 simulation led to large changes in isoprene emissions, when compared to the reference, as indicated in Fig. 9a . The inclusion of the soil moisture algorithm led to a general decrease of isoprene emissions (50 % of the reference run totals), especially in arid and semi-arid regions such as central Africa, southern part of South-American tropical region and Australia where the emission reduction reached up to 70 % with respect to the reference run. This decrease in isoprene emissions is much higher than that presented by Guenther et al. (2006) , who applied the same algorithm using NCEP (National Centers for Environmental Prediction) soil moisture values, the 2-D gridded wilting point values from the database of Chen and Dudhia (2001) and PFT dependent determination of the depth of the root zone (Zeng, 2001) . They report a 7 % reduction in global annual isoprene emissions. Müller et al. (2008) estimated isoprene emission with the MEGANv2.1 model using the ECMWF (European Centre for Medium-Range Weather Forecasts) soil moisture values and a fixed value of wilting point from the ECMWF model for the whole model domain. The reduction in global isoprene estimates due to soil moisture activity factor was 21 %. Different levels of isoprene emission reduction due to soil moisture deficit are caused by the use of different This has a significant impact on γ SM since wilting point W is a threshold value below which γ SM is set to 0 (Eq. 7). Müller et al. (2008) and Guenther et al. (2012) stressed the necessity of using wilting point values consistent with input soil moisture data since W is an important parameter for determining soil characteristics in climate models.
The impact of changes in the calculation of PAR (S5) is displayed in Fig. 9b , which shows the difference in the annual mean isoprene emission between the sensitivity run and the reference. As has already been discussed, since PAR calculated from shortwave radiation is generally higher than PAR from MERRA reanalysis, we also obtain higher emission fluxes in areas with the largest radiation differences. The increase of total isoprene emissions is 104 Tg yr −1 (i.e. 17.5 % compared to the reference run) with the highest absolute contributions from South America, equatorial Africa and Australia where isoprene estimates increased by 31, 25.5 and 21.5 Tg yr −1 , respectively.
Comparison of MEGAN-MACC inventory with other data sets
Isoprene global and regional totals
Previous estimates of global total isoprene emissions vary between 412 and 682 Tg yr −1 (Fig. 10) . Two of the presented studies, detailed in Shim et al. transport models and satellite formaldehyde data to constrain isoprene emissions by applying the inverse modelling techniques. Our isoprene estimates varying from 520 to 672 Tg yr −1 over the last 3 decades with an average value of 594 Tg yr −1 are at the upper end of earlier estimates. MEGAN-MACC isoprene emissions were compared to values estimated in regional studies in different parts of the world (Table 3) . Emission estimates of Fu et al. (2007) and Palmer et al. (2003) were derived from GOME (Global Ozone Monitoring Experiment) formaldehyde observations. Barkley et al. (2013) derived isoprene emissions using formaldehyde vertical column measurements from OMI (Ozone Monitoring Instrument) and SCIAMACHY (Scanning imaging absorption spectrometer for atmospheric chartography). Curci et al. (2010) and Marais et al. (2012) constrained isoprene emissions with formaldehyde columns measured by OMI. The remaining studies provide bottom-up emissions calculated on the basis of detailed regional vegetation description. MEGAN-MACC isoprene is comparable to regional studies with values usually within 30 % of regional estimates. Larger discrepancies of factor of 3 occur in Europe Steinbrecher et al., 2009 ) and of a factor of 2 in Africa (Marais et al., 2012) .
More detailed comparison of MEGAN-MACC isoprene with other global emission studies is addressed in Sect. 4.2.
Spatio-temporal comparison of MEGAN-MACC isoprene with other data sets
MEGAN-MACC isoprene estimates were compared to the results of four other studies. Table 4 summarizes general information about isoprene inventories used in the comparison. Data availability indicates the original temporal extent of each data set. However, in our study we focused on the period of 2000-2009 only. BISA (Belgian Institute for Space Aeronomy) data sets were provided by the Belgian Institute for Space Aeronomy, and are both available on the institute's website (http://tropo.aeronomie.be/models/isoprene.htm). BISAbottom-up is an updated version of the emission inventory described in Müller et al. (2008) who applied MEGANv2.02 model driven by ERA-Interim reanalyzed meteorological fields (ECMWF) (Dee et al., 2011) . In their calculations, Müller et al. replaced the built-in MEGAN canopy environment model for determination of leaf temperature and radiation fluxes by the canopy environment model MOHYCAN (MOdel for HYdrocarbon emissions by the CANopy) (Wallens, 2004) .
The most recent BISA isoprene inventory, here titled as BISA-top-down, was constrained by global formaldehyde retrievals from the GOME-2 satellite instrument using the IMAGESv2 (Intermediate Model of Global Evolution of Species) chemistry transport model (Bauwens et al., 2013;  Stavrakou et al., 2014) . A-priori isoprene emissions for the IMAGESv2 model were calculated by MEGANv2.1 and ERA-Interim meteorology.
Data set GUESS-ES was calculated by a coupled system of dynamic global vegetation model LPJ-GUESS (Smith et al., 2001; Sitch et al., 2003) and physiological isoprene emission algorithm (Arneth et al., 2007b) . The algorithm is based on the approach of Niinemets et al. (1999) which simulates physiological processes inside the plant leading to isoprene production through electron transport rate required for isoprene synthesis. Fig. 11 . There is a visible shift in annual cycle of MEGAN-MACC isoprene with maximal values moved towards October/November when compared to GUESS-ES and MEGANv2 inventories, which are reaching highest emission amounts in July. The annual cycle of MEGAN-MACC isoprene is relatively similar to that of BISA-top-down. Although the magnitude of the seasonal cycle is much weaker in the BISA data sets, with no evident single maximum, the timing of the minimum (June) is identical in the BISA data sets and in MEGAN-MACC.
The discrepancy in annual cycles is caused by different intensities of emitting regions on the globe over the course of the year. As can be seen in Fig. 12 , for all data sets the predominant source of isoprene is the southern tropics. Its contribution to annual global total is, however, significantly lower for GUESS-ES (42 %) when compared to MEGANbased data sets (50-54 %). These lower GUESS-ES emissions in the tropics are compensated in the northern temperate region, which contributes 18 %, while for the rest of the data sets this part contributes only 8-10 %. Figure 12 shows also a spatial distribution of regional emission activity during the year 2007 represented in zonal means of monthly isoprene emissions. The tropical region is clearly an important isoprene source for all inventories. It is pronounced in the warmest half of the year of Southern Hemisphere, es- Colours assigned to each region are defined in the colour bar on the right. Definition of the geographical regions is given in Fig. 8. pecially in MEGAN-MACC and the BISA inventories. Data sets GUESS-ES and MEGANv2 have additional strong emission sources in the northern mid latitudes active during the Northern Hemisphere's summer. In MEGANv2 data set, the tropical region is active throughout the year. especially in Australia, south and equatorial Africa and South America. On the other hand, GUESS-ES and MEGANv2 are significantly higher than MEGAN-MACC in Europe and Russia, and together with BISA-bottom-up in North America. MEGANv2 reaches considerably higher isoprene values (+71 %) in Southeast Asia when compared to MEGAN-MACC. The difference is even higher when compared to the rest of the inventories. The graph shows that the updating of BISA emissions from bottom-up to top-down led to a substantial decrease of emissions in Southeast Asia. Several reasons for discrepancies between MEGAN-MACC values and estimates of other data sets can be identified. Differences in spatial isoprene emission patterns likely originate in unequal distribution of vegetation types in different models represented by PFT maps, and/or their assignment with isoprene emission capacity values (emission potentials for MEGAN, fractions of electrons in GUESS-ES). Application of different PFT and LAI inputs can result in a wide range of isoprene estimates (e.g. sensitivity run S2 in this study; Pfister et al., 2008; Guenther et al., 2012) . All five presented data sets were driven by different meteorological input fields. Arneth et al. (2011) showed that variation of driving input data (meteorology and vegetation description) among different models might lead to substantially different emission estimates.
More specifically, in preparation of BISA-top-down a priori emissions, Stavrakou et al. (2014) used land cover maps of Ramankutty and Foley (1999) for description of vegetation distribution in the MEGAN model. This land cover data set takes into consideration the advancing replacement of forests by agricultural croplands, which are usually lower isoprene emitters than forest ecosystems. Further, following Langford et al. (2010) they applied a significant reduction of the MEGANv2.1 isoprene emission factor for tropical forest in Southeast Asia. In both BISA inventories, MEGAN model accounted for the effect of soil moisture deficit on isoprene emission, which leads to isoprene emission reduction (Müller et al., 2008) .
Global and regional totals of other species
Global MEGAN-MACC monoterpene emissions ranging from 89 to 102 Tg yr −1 over the last 30 years are similar to previous estimates of Guenther et al. (2006) who applied the MEGANv2.0 model. They are lower then those reported by Guenther et al. (2012) and significantly higher than those of Schurgers et al. (2009) , which are the lowest among the values published in the literature. MEGAN-MACC monoterpene emissions were compared to regional estimates in China and Europe (Table 5 ) and are within 30 % of regional totals, except for comparison with Curci et al. (2009) whose estimate is about a factor of 2 higher than that of MEGAN-MACC. Discrepancies of monoterpene emissions may arise from different approaches to monoterpene modelling. Some models use one emission factor for a group of monoterpenes as a whole, while models like MEGAN treat monoterpene species separately. Differences may therefore occur due to consideration of different monoterpene species in the final total.
Methanol emissions ranging from 121 to 138 Tg yr −1 are in accordance with findings of Jacob et al. (2005) and are about 25 % higher than previous MEGAN model studies (Stavrakou et al., 2011; Guenther et al., 2012) . MEGAN-MACC isoprene and α-pinene model estimates were compared with fluxes measured during the Cooperative LBA Airborne Regional Experiment (LBA-CLAIRE) project, organized within the Large-scale BiosphereAtmosphere Experiment in Amazonia (LBA). The LBA-CLAIRE campaign took place during early dry season in July 2001 in the remote Amazonian tropical forest (Kuhn et al., 2007) . The measurement site was located in the central Amazon, about 60 km NNW from Manaus (Reserva Biologica do Cuieiras, 2 • 35 33 S, 60 • 12 27 W). During the campaign two ground-based micrometeorological sampling methods were adopted to calculate emission fluxes from the forest canopy. Here we show a comparison with emission fluxes obtained by relaxed eddy accumulation (REA) technique. Simultaneously, VOC fluxes were measured at the canopy-scale using a method of surface layer gradient (SLG). The two measurement systems were located on the 52 m high walk-up tower (K34). The measurements are representative to 2-3 km 2 area around the tower (Araújo et al., 2002) .
The relaxed eddy accumulation (REA) sampling system consisted of cartridges filled with graphitic carbon adsorbents installed on the K34 tower above the mean canopy top. The 30 min samples of VOCs were collected on glass cartridges which were then processed by thermal desorption gas chromatography using mass spectrometry analysis (TD-GC-MS) in order to identify and quantify the observed VOCs (Kuhn et al., 2007) .
Comparison of modelled and measured fluxes of isoprene and α-pinene is presented in Fig. 15 . Isoprene model results correspond fairly well to measured values (correlation coefficient of 0.4). On average over the measuring period modelled values are about 54 % higher than measurements (Table 6 ). This difference is primarily due to measured fluxes having strong sudden decreases and occasional negative fluxes observed in early morning/late evening, which are not present in the model results. This could be an artifact of the REA sampling approach as this behaviour was not observed with eddy covariance measurements, a more direct and accurate flux technique, at a nearby site (Karl et al., 2007) . MEGAN model simulates net primary emission that is released into the atmosphere, but does not include the downward flux from the air above down into the canopy (Guenther et al., 2012) while micrometeorological techniques measure net flux at the canopy level being a result of both upward and downward emission fluxes (Kuhn et al., 2007) . However, since there is no production of isoprene and α-pinene above the canopy there should be little impact from this for these two compounds. Even though MEGAN results are higher than REA observations, they are lower than emission fluxes obtained by simultaneously conducted SLG measurements, which provided isoprene flux values about 60 % higher than REA. However, Kuhn et al. (2007) report a high degree of uncertainty associated with the SLG method in a complex terrain such as the vicinity of the K34 tower. On average, MEGAN simulates the α-pinene emissions well (Table 6) , however, it does not capture the high frequency fluctuations of measured fluxes and tends to keep monoterpene emission levels above zero during night (Fig. 15 ). The MEGAN model algorithm for estimation of monoterpene emissions combines monoterpene dependence on light and temperature (similarly to isoprene) and to temperature only. As a result, modelled monoterpene nocturnal emissions never fall to zero and remain fairly constant during nighttime. The model defines the fraction of emissions dependent on both light and temperature with the light dependence fraction (LDF) factor (Eqs. 3 and 4). For α-pinene LDF is set to 0.6, which means that MEGAN expects 60 % of α-pinene emissions to be both light and temperature dependent, and 40 % of the emissions to depend on temperature only. There is an increasing experimental evidence ( Fig. 15 ; Rinne et al., 2002; Kuhn et al., 2002; Karl et al., 2004 ) that monoterpene emissions in the Amazonian tropical forest are strongly light dependent and the results suggest that the LDF factor for monoterpenes emitted in this region should be set close to 1.
The inability of the model to predict the scatter of measured values for both compounds might partly originate in the coarse resolution of the model inputs, which might not reproduce well the details of local weather conditions. In addition, for α-pinene, the flux determination using REA is more uncertain due to the lower measured fluxes. Finally, other factors than meteorology are likely to play an important role in driving the emissions, e.g. the representation of ecosystem composition which leads to the determination of emission potentials and leaf area index, biotic stress, abiotic stress such as oxidative capacity of the ambient air.
Isoprene emissions and respective atmospheric mixing ratios in South American tropical forests have a strong seasonal cycle with values about a factor of 2 higher during the dry season when compared to emission fluxes observed in the wet season (Kesselmeier et al., 2000; Kuhn et al., 2004a; Karl et al., 2007) . Seasonality of isoprene over Amazonian tropical forest is consistent with the annual course of formaldehyde (HCHO) concentration, a major chemical degradation product of isoprene, derived from the satellite instruments GOME and SCIAMACHY with HCHO values during the dry season (August-December) 20-40 % higher than in the wet season (January-April) (Barkley et al., 2009 ). (Kuhn et al., 2002) . Despite the fact that the temperature and light conditions were found to be comparable during both campaigns, Kuhn et al. (2004a) report a twofold increase of isoprene emission during the end of the dry season with respect to the end of the wet season measurements. They attribute the emission difference to higher emission rates from young mature leaves at the end of the dry season when compared to emission rates from older mature leaves present at the end of the wet season. The isoprene emission rates of different leaf developmental stages were well correlated with the leaf's gross photosynthetic capacity (Kuhn et al., 2004b) . They also discuss a potential impact of long-term temperature conditions preceding both campaigns. As has been shown by Pétron et al. (2001) , plants grown under higher temperatures during 3-6 weeks tend to emit substantially higher isoprene amounts. Ambient temperatures preceding the dry season campaign were 2-5 • C higher than before the wet season campaign which could partially explain the observed increase in isoprene emissions. We have compared measured and modelled values of isoprene flux during both the wet and dry seasons. Although the actual modelled values are ∼ 40 % lower than the observed ones, the seasonality expressed as the ratio between isoprene exchange rates measured during the dry (October) and wet (May) seasons (ratio = 2.1) is well reproduced by the model (ratio = 2.5). Both leaf ageing in the course of the year and dependence of isoprene emissions on preceding temperature conditions are parameterized in the MEGAN model (Sect. 2.1; Guenther et al., 2006 Guenther et al., , 2012 .
Atmos
The MEGAN-MACC isoprene and monoterpene emissions were compared to emission fluxes measured during the third phase of the Oxidant and Particle Photochemical Processes above a Southeast Asian Rainforest (OP3-III, Hewitt et al., 2010) . The measurement campaign took place during the dry season in June-July 2008 in the tropical rain forest of Borneo at Bukit Atur station in Danum Valley, Malaysia (4 • 58 4 N, 117 • 50 39 E). The measurement apparatus consisted of the Proton Transfer Reaction Mass Spectrometer (PTR-MS) located on the foot of a measurement tower and connected to a heated silicon steel inlet mounted on the tower above the canopy height together with the ultrasonic anemometer . The method of virtual disjunct eddy covariance (vDEC) was used to calculate fluxes of VOC species. The PTR-MS was set in a way that it would alternate between the flux measurement and measurement of the VOC composition. The postprocessing of the measured data resulted in the VOC fluxes averaged over 30 min period . Comparison of daily averages of isoprene and monoterpenes calculated by the MEGAN model and measured during the OP3 campaign are shown in Fig. 16 . The model is able to follow the day-to-day variability of isoprene emissions (correlation coefficient of 0.7), however, the actual isoprene values are almost factor of 2 higher than the measurements (Table 6 ). This discrepancy can partially be attributed to the fact that the mean model temperature is about 1.22 • C higher than the mean temperature measured at the site. Another source of difference is the emission potential of the Malaysian tropical forest. While the isoprene emission potential in the MEGAN model at the Bukit Atur station is 7 mg m −2 h −1 , isoprene emission potential derived from the Bukit Atur measurements is according to Langford et al. (2010) only 1.6 mg m −2 h −1 . Monoterpene emission fluxes correspond well to the flux measurements (Table 6), and for most of days, are within the band of the measurement error (blue shading in Fig. 16 ). For both isoprene and monoterpenes, the model is not capable of predicting the scatter of measured fluxes as can be seen from percentile values and standard deviation in Table 6 . This could again be caused by driving the model with input data of coarse spatial resolution which can somewhat average the emission variability.
Conclusions
We have presented a global inventory of biogenic VOCs calculated by the MEGANv2.1 model (Guenther et al., 2012) for a period of 30 years. The model estimates a total emission of 760 Tg (C) yr −1 from terrestrial vegetation. Isoprene is the main contributor to the average emission total accounting for 70 % (523 Tg (C) yr −1 ), followed by a group of monoterpenes (11 %), methanol (6 %), acetone (3 %), sesquiterpenes (2.5 %) and other BVOC species each accounting for less than 2 %. Both isoprene and monoterpenes are mainly emitted in the tropical region (88 % and 83 % of the global total, resp.). Temperate regions contribute 11 % to isoprene and 16 % to monoterpene global estimates. There is a substantial interannual variability in global emission totals along the 30-year period. The difference between the maximal and minimal annual totals is 29 % and 15 % of the mean global total of isoprene and monoterpenes averaged over the last 3 decades, respectively.
We have performed a series of sensitivity-MEGAN-model runs focusing on the predominant species, isoprene, in order to quantify the impact of changes in model input data and model setting on isoprene emission. The sensitivity simulations resulted in isoprene estimates varying by up to ±17 % of the reference run values, except for the sensitivity run studying the impact of soil moisture deficit on isoprene (S5). Inclusion of soil moisture activity factor (γ SM ) parameterizing the drought conditions in the model led to an emission decrease by as much as 50 % globally and even more in specific regions (e.g. Africa, Australia). Comparison with other studies in which γ SM was applied showed that there are substantial differences in estimated isoprene reductions originating in the determination of wilting point values ( W ), which is a crucial parameter in calculation of γ SM (Eq. 7).
The MEGAN-MACC data set estimates are within the range of values presented in previous studies. Comparison of earlier studies on global and regional isoprene estimates has shown that isoprene emissions can vary within a factor of 2. The MEGAN-MACC values were therefore evaluated in more detail against four previously published inventories with a special focus on variations in spatial and temporal patterns. Substantial differences between the data sets were identified, especially in regions such as Australia, Southeast Asia and South America where the isoprene estimates differ by as much as factor of 2 to 3.
Results of the MEGAN model were compared to flux measurements at two sites located in the tropical forest. Fluxes of isoprene and α-pinene were compared to surface flux measurements from the LBA-CLAIRE campaign that took place in central Amazon in July 2001 and estimates of isoprene and monoterpenes were compared to observations collected during the OP3 study in June-July 2008 in Borneo. The comparison shows relatively good agreement in the Amazon. The modelled monoterpene daily mean emissions in Borneo correspond well to the measurements; however isoprene estimates are on average a factor of 1.7 higher than observations in this region. The model tends to overestimate nighttime monoterpene values. The model algorithm for monoterpene estimation combines both light and temperature dependencies and simulates positive fluxes even during night. However, tropical forests tend to have negligible nocturnal monoterpene emissions (e.g. Kuhn et al., 2007; Langford et al., 2010) . Comparison with measured data during wet and dry season in the Amazon has shown that MEGAN model simulates well the seasonal variability of isoprene emissions.
The MEGAN-MACC emission estimates were shown to be comparable with findings of earlier studies as well as with surface flux measurements. However, several concerns regarding the reference isoprene emissions remain. The sensitivity run accounting for the impact of drought on isoprene emissions showed considerable emission reductions in South America, central Africa and northern Australia implying that MEGAN-MACC isoprene emissions might be overestimated in these regions if the simulated reduction due to drought is realistic. Recent flux measurements obtained during the OP3 study over the tropical forest in Malaysia suggest that MEGAN model calculations in Southeast Asia might be overestimated due to utilization of emission potential value, which was found to be up to factor of 4 higher than the one measured in the field. Emission reduction in this region has also been supported by the study of Stavrakou et al. (2014) who constrained isoprene emissions using the inversion of formaldehyde satellite retrievals. Nevertheless, more observations on isoprene and other BVOCs in different parts of the world are needed for a better emission quantification and for a better understanding of the different factors driving the emissions of all these species. We see a great potential in using the satellite observations to constrain or derive biogenic VOC emissions. However, previous studies have shown inconsistencies in emission estimates suggesting that use of satellite data for these purposes is still connected to uncertainties. In order to increase accuracy of these methods, more investigation is needed in the validation of data from different satellite instruments, in evaluation of dependence of the method on a priori emissions and on chemical scheme applied.
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